Abstract. Objective: In order to synthesize the gold nanoparticles with high sphericility, good monodispersity and uniform sizes, a method of synthesizing by integrated modular microfluidic reactor based on piezoelectric actuation is proposed. Method: First, the entrance angle and channel section of the micromixing channel of microreactor are simulated by the software FLUENT, and the related structure parameters are optimized. Second, the two modules of microreactor chips including micromixing chip and growing channel chip are designed, and the microreactor prototype is fabricated. Finally, the synthesis tests of gold nanoparticles based on liquidus chemical reaction are carried out, and the characteristics of the obtained specimen are tested by UV-VIS spectrophotometer and transmission electron microscopy. Result: The test result indicates that with the output flow rate of 4.2ml/min and the frequency of 200 Hz, the average particle size and standard deviation of the obtained gold nanoparticles is (27.89±5.28) nm, and the nanoparticles have uniform sizes, good monodispersity, and high sphericility. Conclusion: The result verifies the feasibility of using the microfluidic reactor presented in this paper to synthesize gold nanoparticles with uniform sizes and good monodispersity.
Introduction
As a new kind of chemical microreactor made by micromachining technologies, microfluidic reactor is widely used in fields like scientific research, biological medicine and chemical engineering because of small preparation dosage [1] [2], high safety [3] [4], environmental protection [5] [6], short reaction time [7] [8], etc.
According to different mixing mechanism, microfluidic reactors can be classified into active microreactor and passive microreactor [9] . Disadvantages like poor mixing effect and long mixing time are commonly found in passive microreactor. Accordingly, on the foundation of previous research, a method to synthesize gold nanoparticles by integrated modular active microreactor, which is based on piezoelectric actuation, is proposed. After simulation of the mixing channel, the microreactor is designed and manufactured. Lastly, the advantages and feasibility are proved by the synthesizing-controlled experiment of gold nanoparticles.
Working principle of synthesizing gold nanoparticles by microreactor
The working principle of synthesizing gold nanoparticles by microreactor proposed in the paper is shown as Fig.1 . Micropump A and micropump B, which are totally the same in the structure and function, are used as driving source. When the control signal of the micropump B is 180° behind that of the micropump A, the precursor solution (HAuCl 4 ·4H 2 O) and the reducing agent solution(Na 3 C 6 H 5 O 7 ) will be sent into the mixing channel in a pulsed crossing way. Then, the concentration of gold atoms in the solution keeps increasing, so after the growing channel, the CTAB solution is needed to depolymerize the gathering gold nanoparticles. In the reacting process, gold atoms will gather into crystal nuclei if the concentration of gold atoms exceeds the critical saturation. With the increasing number of crystal nuclei, large amount of gold atoms are consumed and the concentration falls below the critical saturation. Afterwards, the increase of crystal nuclei 5th International Conference on Environment, Materials, Chemistry and Power Electronics (EMCPE 2016) number stops and the crystal nuclei finally grow into gold nanoparticles. 
Evaluation of mixing efficiency
To evaluate the mixing efficiency, the mixing degree(σ) is proposed to observe the homogeneity of microfluid on certain section of the channel [10] . The parameter σ is defined as where N is the number of sampling points inside the cross-section; c i is the volume concentration at sampling point i; and c ∞ is the ideal volume fraction whose value is 0.5. The value of σ should be between 0 and 1. Larger σ indicates better mixing efficiency. When the mixing degree σ=0, there is no mixture between two phases of fluid; When the mixing degree σ=1, two phases of fluid are in a real state of complete mixing.
Simulation of mixing efficiency with different channel structures
To study the effect of entrance channel angle on the whole system, the mixing efficiency with entrance channel angle ranging from 30° to 180° is analyzed under the condition where the working frequency of micropumps(f) is set as 200Hz, the output flow rate of micropumps(Q) is set as 4.2ml/min, and the size of channel section is set as 0.4mm×0.4mm. Then, measure the parameters of the channel sections X=11, X=12, X=13 with different angles separately under the simulated condition by the software FLUENT. Finally, output the results into MATLAB and Tab.1 is presented below.
Tab. It can be found in Tab.1 that the differences of mixing degrees among these three sections are little and the mixing degree reaches highest when θ=90° and θ=180°. Considering the integration of the microsystem at the same time, the entrance channel angle is designed as 90°. Fig.2 Schematic diagram of 2D geometric structure of micromixing model and simulation In order to observe the influence of channel section size on mixing efficiency, the mixing efficiency with channel size ranging from 0.2 to 0.5mm is analyzed under the condition where the working frequency of micropumps(f) is set as 200Hz, the output flow rate of micropumps(Q) is set as 4.2ml/min, and the entrance channel angle is set as 90°. By simulation, the best mixing effect is found when the width of channel is 0.4mm. In addition, the mixing degree value increases stably from the section X=7 when the section size is set as 0.4mm. That means the mix under such condition takes shorter time and the mixing degree value will be higher than that with other sizes after reaction. Accordingly, the size of channel is set as 0.4mm×0.4mm in this paper. The mode and the simulation of the micromixing channel are shown inFig.2.
Design and manufacture of the microreactor
The microfluidic reactor proposed in this paper includes two modules of microreactor chips, namely micromixing chip and growing channel chip. The micromixing chip is designed for the process of mixing accompanied with microreaction. The growing channel chip is for further reaction and some chemical reaction with multiple steps.
Design and manufacture of mixing chip
Piezoelectric pump is the best choice for microfluidic actuator because of easy micromation, low power dissipation and convenient control. The chip is the laminated structure, and from top to bottom are, in order, piezoelectric vibrator, valve 1, valve 2, PDMS substrate, and silicon slice. The PDMS substrate, which is the main part of the micromixing chip, is integrated with entrance, entrance connecting channel, piezoelectric micropump, actuator connecting channel, microchannel, exit, electrode, etc. The piezoelectric vibrator, valve 1 and valve 2 are assembled into the micropump to compose the actuator. Then, seal the substrate on the silicon slice to close the channels and install the electrodes into the electrode bath. The photo of micromixing chip is shown in Fig.3 Fig .3 Photo of micromixing chip driven by PZT micropump
Design and manufacture of growing chip
In the growing chip, the entrance, the exit and the growing channel are integrated on the PDMS substrate. The channel size is 0.4mm×0.4mm and the substrate is sealed on the silicon wafer. To avoid side leakage, the exit is designed at the opposite side of the channel, so its external rim is distant from the substrate.
Experiments of synthesizing gold nanoparticle by microreactor
To prove the feasibility of the microreactor proposed in the paper to produce gold nanoparticles, experiments of synthesizing gold nanoparticles are carried out. The experimental scheme is shown in Fig.4 . The maximum absorption wavelength of the solution produced is around 530nm, which matches the typical and unique optical characteristic of the gold colloid. That means, surface plasmon resonance (SPR) by gold nanoparticles is observed at 500～550nm. Fig.6 shows TEM micrographs and histograms of gold nanoparticles. The average particle size and standard deviation of the obtained gold nanoparticles was (27.89±5.28) nm. It can be seen that the solution presents the wine red and the nanoparticles have good monodispersity and sphericility. The results of the experiments further demonstrate that the microfluidic reactor does work in synthesizing gold nanoparticles . 
Conclusion
This paper proposes a new method to synthesize gold nanoparticles by integrated and modularized microfluidic reactor. The parameters are optimized after simulation of microreactor channel and the chips are designed and manufactured. Then the experiments of controllably synthesizing gold nanoparticles are carried out. The results show that the average particle size and standard deviation of the obtained gold nanoparticles is (27.89±5.28) nm with the output flow rate of 4.2ml/min and the frequency of 200Hz. The nanoparticles have good monodispersity and sphericility, which verifies the feasibility of integrating piezoelectric micropump with microfluidic reactor and ensures the performance of synthesizing gold nanoparticles. Considering many other influencing factors, subsequent research will study the effect of factors like pH, temperature, stabilizer on controllably synthesizing nanoparticles.
